Measurements of the mean-square amplitude θ 2 of thermally-induced fluctuations of a thin layer of the nematic liquid crystal I52 subjected to a voltage V < V c are reported. They yield the limit of stability V c of the spatially uniform conduction state to infinitesimal perturbations. Localized long-lived convecting structures known as worms form spontaneously from the fluctuations for V well below V c . This, as well as measurements of the lifetime of the conduction state for V < V c , suggests a thermally-activated mechanism of worm formation; but a theory for this non-potential system is lacking. 47.54.+r, 42.70.Df, 61.30.Gd Typeset using REVT E X 1 One of the uniquely nonlinear aspects of pattern-forming dissipative non-equilibrium systems is the occurrence of localized travelling-wave structures, or pulses, co-existing with the spatially uniform ground state.
One of the uniquely nonlinear aspects of pattern-forming dissipative non-equilibrium systems is the occurrence of localized travelling-wave structures, or pulses, co-existing with the spatially uniform ground state. [1] In one-dimensional cases [2, 3] it has been possible to understand such structures qualitatively in terms of a subcritical Ginzburg-Landau equation [4] ; but for systems which are spatially extended in two dimensions [5] theoretical explanations are limited [6, 7] . Recently, localized states were observed to co-exist with the ground state in a two-dimensional anisotropic system, namely in electro-convection (EC) of a thin layer of a nematic liquid crystal (NLC). [8, 9] These states, known as "worms", have a unique small width in one direction and a varying, usually much greater, length in the other. They are first observed as the control parameter of the system (the square V 2 of an applied voltage) reaches a certain value; but initially they are very rare and become more abundant only as V 2 becomes larger. Their generation and decay as V was increased and decreased did not show any hysteresis. [8, 9] Thus it was not possible to determine directly whether the creation of worms was associated with a supercritical or a subcritical bifurcation. A recently developed Swift-Hohenberg-like [10] model equation [11] produced worm-like localized structures, but only for a strongly subcritical bifurcation. Worm-like solutions were found [12] also for coupled Ginzburg-Landau equations related to the equations of motion of the system (the weak-electrolyte model or WEM [13] ); but again the bifurcation to the non-uniform state was subcritical.
In the present letter we report on a determination of the bifurcation point at which the spatially uniform state becomes unstable to infinitesimal perturbations by measuring the mean-square amplitude θincreasing ǫ. The data, as well as the spontaneous appearance of the worms at negative ǫ and random spatial locations, suggest a thermally-activated mechanism for worm formation.
However, the system under consideration is known to be non-potential, and thus it is not clear that the usual discussions of thermally-activated processes [15] apply. We believe that an explanation of our experimental data remains a challenge to the theory of non-equilibrium pattern-forming systems.
NLC have an inherent orientational order, but no positional order. were uniform to about ±0.5µm and the sample area was roughly 0.5cm × 0.5cm. Planar alignment was obtained by using a rubbed polyimide film which was spin-coated onto the transparent electrodes of indium-tin-oxide. The I52 was doped with molecular iodine. [18] The precise value of σ was varied by changing the temperature. The conductivity decreased slowly over time typically at a rate of 1.5 × 10 −11 (Ohm m day) −1 . This was compensated by slowly increasing the temperature, giving an almost constant conductivity over the duration of several months of the entire investigation. The measurements reported here were made for σ = 3.7 × 10 −9 Ohm −1 m −1 at about 33
• C and at 25Hz.
The fluctuations and convection patterns were imaged using the shadowgraph technique [19, 18] . An 8-Bit grey-scale frame-grabber was used to digitize the images. As the fluctuations are very weak, a series of 256 imagesĨ i (x, ǫ) was taken at each value of ǫ. The time between images was typically 5 s, and successive images were essentially uncorrelated. The images had to be taken before worms formed because the large worm amplitudes made it impossible to measure the fluctuation amplitudes. Close to onset worms formed very quickly.
Thus for ǫ > ∼ −0.08 it was impossible to accumulate enough images in their absence. For each image the signal
was calculated. HereĨ 0 (x, ǫ) is a background image obtained by averaging all 256 images.
For each I i (x, ǫ) the structure factor (the square of the modulus of the Fourier transform)
S i (k, ǫ) was calculated and the 256 S i (k, ǫ) were averaged to get S(k, ǫ). corresponding to two sets of rolls oriented obliquely ton. [20] These two modes are known as zig and zag modes and are also seen in the extended-chaos state [18] . These examples show clearly that the peaks of S(k, ǫ) get sharper as one gets closer to onset, as expected from theory [21] . They also get larger, but since the grey levels of each example in Fig. 1 are scaled separately, this is not immediately apparent.
In order to get the mean-square amplitude A 2 of the signal fluctuations from the structure factor, one has to integrate over the peaks of S(k, ǫ) in k-space. The area under the peaks corresponds to A 2 . As the fluctuating pattern is very weak, there is a considerable background due to instrumental noise. We first calculated the azimuthal average S(k) from the data. Four examples of S(k) are shown in Fig. 2 . We fitted a suitable function
to this average. Here P (k) is the contribution from the peak and B(k) is the smooth background due to instrumental noise. A Lorentzian
was used for the peak, and a polynomial in k was used for the background. The background included a term ∝ 1/k to account for the rapid increase of S(k) near k = 0 noticeable in Fig. 2 (this increase is masked out in the examples in Figure 1 in order to permit grey scales which make the fluctuations visible). The mean square amplitude A 2 was then obtained from
For a comparison with theoretical results, A 2 had to be related to the mean-square amplitudes θ 2 of the director-angle fluctuations. For our experimental setup A 2 and θ 2 are related by [19] 
Hereñ = 1 − (n e /n 0 ) 2 with n e and n 0 the index of refraction parallel and perpendicular to the director, d is the cell thickness, and λ is the wavelength of the pattern. 
where k b is Boltzmann's constant andk el = 20.7 × 10 −12 N an average orientational elasticity of I52 [18] . This gives θ 0 = 2.9 mrad, which is in good agreement with our results. This agreement confirms the assertion that the fluctuations are of thermal origin.
From P (k) it is possible also to extract an average of the two-point correlation length.
It is given in terms of the half width Γ by ξ = 1/Γ. Theory predicts [1] that the dependence of the correlation length on ǫ should be ξ = ξ 0 (−ǫ) −1/2 . The bottom half of Fig. 4 shows 1/ξ 2 vs ǫ. The data points fall on a straight line through ǫ = 0, consistent with the expected behavior. The amplitude ξ 0 is found to be 0.31d.
We found that worms form spontaneously from the fluctuations of the conduction state already well below V c . Thus, the bifurcation associated with them must be subcritical. To get more insight into the nature of worm formation, we measured the mean lifetime τ of the conduction state as a function of ǫ. A voltage was applied to the cell and then the time until a worm first appeared was measured. This was repeated many times and at various voltages to get a statistical average for τ (ǫ) [22] . Figure 5 shows the frequency 1/τ , in s −1 .
[23] These results are reminiscent of thermally-activated nucleation in potential systems.
Thus we show in Fig. 5 a simplified version of Kramers' formula [15] for the diffusion of a particle in a two-well potential, namely 1/τ = f 0 exp(−∆F ). Here ∆F is the value of the Landau potential F = − We do not feel that a more sophisticated analysis in terms of a potential model would be justified. Instead, a theory for non-potential systems should be developed if possible.
We have shown that measurements of the critical behavior of thermally-induced fluctuations can yield the critical voltage V c of the conduction state. We found that the directorangle fluctuations θ 2 agree quantitatively with the result expected for thermally-driven fluctuations. Worms appeared already well below V c , indicating that the bifurcation from conduction to worms at low conductivities is strongly subcritical. At higher conductivities a supercritical bifurcation had been found to an extended-chaos state [9] . An interesting question is how the bifurcation evolves from sub-to super-critical as σ increases. We determined also an angular average ξ(ǫ) of the two-point correlation length. It agrees with the expected relation ξ = ξ 0 ǫ −1/2 and yields ξ 0 = 0.31. We measured the lifetime of the conduction state, and found it to be finite for ǫ > −0.6 and rapidly decreasing as ǫ approached zero from below. The results are reminiscent of thermally activated nucleation. Surprisingly they can be fit by a potential model even for this non-potential system where there is no firmly based theory of which we are aware. 
